Steel intermediate moment frames (IMF) have been widely used as a seismic force resisting system in regions of low and moderate seismicity. In this study, the seismic collapse performance of the steel IMFs designed according to current seismic code was evaluated. For this purpose, 25 steel IMFs were designed according to seismic design codes (ASCE 7-10, AISC 341-10, and AISC 360-10), and the probability of collapse for these frames was estimated. The probability of collapse of steel IMFs became larger with an increase in the height of the frames. Based on the results, this study investigated the validity of height limits for steel IMFs specified in ASCE 7-10 and proposed limits to guarantee satisfactory seismic collapse performance.
INTRODUCTION
Steel moment frames have been widely used as a seismic force resisting system in buildings due to their superior ductility and energy dissipation capacities. In ASCE 7-10 (2010), moment frames are classified into special, intermediate, and ordinary moment frames (SMF, IMF, OMF) according to their inelastic deformation capacity (commentary E1 of AISC 341-10 2010).
OMFs are expected to provide only minimal inelastic deformation capacity. They are typically used in regions of low seismicity. IMFs are intended to have limited inelastic deformation capacity with connections capable of accommodating a story drift angle of 0.02 rad. IMFs are typically used in low and moderate seismic regions. SMFs are expected to withstand significant inelastic deformations during large earthquakes, and are commonly used in moderate and high seismic regions. The SMF connections must sustain a story drift angle of at least 0.04 rad. To satisfy such a stringent requirement, special proportioning and detailing are required for SMFs (Hamburger et al. 2009 ).
In ASCE 7-10, height limits for individual seismic force resisting systems are specified according to the seismic design category, SDC (ASCE 7-10, Table 12 .2-1). The SDC is determined with short-period and 1 s design spectral acceleration parameters (S DS , S D1 ) and risk categories. No height limit is specified for SMFs, whereas height limits are imposed on IMFs and OMFs. With an increase in the level of SDC, a more stringent height limit is required.
The height limits imposed on seismic force resisting systems are intended as checks on the judgmentally assigned design parameters. Since the design parameters were based largely on judgement and supported by limited earthquake observations, in lieu of exhaustive a) Hanyang University, Seoul 133-791, Korea analysis and testing, it is important to the code developers to restrict certain systems to the range of application with which they are familiar (SEAOC Seismology Committee 2009). Even though ASCE 7-10 does not specifically describe how height limits are determined, it may be presumed that the height limits are specified to avoid potential catastrophic losses resulting from the failure of high-rise buildings in high seismic zones.
Many researchers have evaluated the seismic performance of SMFs (Han and Wen 1997 , Gupta and Krawinkler 1999 , Luco and Cornell 2000 , Yun et al. 2002 , Lee and Foutch 2002 , NIST 2010 , Zareian et al. 2010 , Flores et al. 2014 , Elkady and Lignos 2014 , Elkady and Lignos 2015 ; however, few studies have been conducted to evaluate the seismic performance of IMFs and OMFs (Han et al. 2014) . No study was conducted so far for verifying the validity of height limits for steel IMFs based on the results of performance evaluation.
The objective of this study is to evaluate the seismic performance of IMFs with different heights, and to propose height limits for steel IMFs according to the level of SDC. For this purpose, 25 steel IMFs are designed according to ASCE 7-10, AISC 341-10 (2010) and AISC 360-10 (2010) . The seismic performance of the IMFs is evaluated according to FEMA P-695 (2009) .
SEISMIC DESIGN OF STEEL IMFS ACCORDING TO ASCE 7-10
According to Table 12 .2-1 of ASCE 7-10, steel IMFs in structures assigned to SDC D (SDC D steel IMF) are permitted up to a height of 10.6 m. Steel IMFs are not permitted in structures assigned to SDCs E and F. However, for single-story steel IMFs assigned to SDCs D, E, and F, the height limit can be increased to 20 m where the dead load does not exceed 0.96 kN∕m 2 . Steel IMFs assigned to SDCs D, E, and F are permitted up to a height of 10.6 m where neither the roof dead load nor the dead load of aby floor exceeds 1.68 kN∕m 2 . (Section 12.5.7.1-3 of ASCE 7-10 2010; C12.2.5.6 and C12.2.5.7 of FEMA P-750, 2009). No height limit is specified for steel IMFs in structures assigned to SDCs A, B, and C. Figure 1 summarizes the height limits of steel IMFs according to the level of SDC. To evaluate the seismic performance of steel IMFs according to their heights or the number of stories, 25 steel IMFs are designed according to ASCE 7-10, AISC 341-10 and AISC 360-10 (2010) . The response modification coefficient (R), overstrength factor (Ω 0 ), and deflection amplification factor (C d ) for steel IMFs are 4.5, 3, and 4, respectively (Table 12. 2-1 of ASCE 7-10). Figure 2 shows plans and elevations of 3-, 6-, 9-, 12-, and 15-story model buildings. The dead and live loads for typical floors are assumed to be 4.59 kN∕m 2 and 0.96 kN∕m 2 , respectively, whereas for roofs, a dead load of 3.97 kN∕m 2 and a live load of 0.96 kN∕m 2 are used (Gupta and Krawinkler 1999) .
For estimating the dead load, the weight of 3-in. metal deck, 2.5 in. of normal concrete fill and fireproofing are included. The model buildings are assumed to be standard office buildings, classified as risk category II. The importance factor (I e ) for risk category II is 1 (Table 1 .5-2 of ASCE 7-10). The buildings are located at Site Class D and assigned as SDC C max . The values of design response spectra for the 3-, 6-, 9-, 12-, and 15-story model buildings are 0.12 g, 0.08 g, 0.06 g, 0.05 g, and 0.04 g, which are also plotted in Figure 3 . As shown in Figure 3 , for 9-, 12-, and 15-story model buildings, minimum base shear force controls the design.
According to Table 12 .6-1 of ASCE 7-10, equivalent lateral force analysis, modal response spectrum analysis, and seismic response history analysis are permitted for computing the seismic demands on structures, which can be chosen according to the level of SDC and the characteristics of buildings. Since a modal response spectrum analysis is permitted without limitations, this study uses this analysis for the seismic design of steel IMFs. Figure 3 shows the design spectral response acceleration for SDC (section 11.4.5 of ASCE 7-10). For determining the member size, modal response parameters including story drifts and individual member forces for each mode are computed using the modal properties obtained from eigenvalue analyses, and the modal design response spectrum divided by R∕I e . The drift quantity is multiplied by C d ∕I e .
The response parameter values calculated for the various modes are then combined using the square root of the sum of the squares (SRSS) method. As specified in section 12.9.1 of ASCE 7-10, this study includes a number of modes to obtain a combined modal mass participation lager than 90% of the actual mass.
When the combined modal base shear (V t ) is less than 85% of the base shear (V) calculated using the equivalent lateral force procedure, forces obtained from the SRSS method are multiplied by 0.85 V∕V t .
Since model buildings are symmetric in plan, the inherent torsional moment (M t ) is not considered whereas the accidental torsion is included for distributing the design story shear forces to the vertical elements of the IMFs. The accidental torsion is caused by an assumed displacement of the center of mass in each direction from its original location by a distance equal to 5% of the dimension of the structure perpendicular to the direction of the applied forces.
The story drift (Δ) is determined using the deflections calculated from equation 12.8-15 of ASCE 7-10, and compared with the limiting values specified in Table 12 .12-1 of ASCE 7-10. Using the calculated Δ, the stability coefficient (θ) is computed, and then displacements and member forces are multiplied by the incremental factor ½¼ 1∕ð1 À θÞ. As specified in section 12.8.6.1 of ASCE 7-10, minimum base shear need not be considered for computing drift. It is also permitted to determine drifts based on the computed fundamental period of the structure without upper limit (C u T a ) (section 12.8.6.2 of ASCE 7-10). In this study, the story drift is determined using base shear calculated with computed fundamental periods. Minimum base shear is not applied for calculating drifts. Since the purpose of this study is to propose the height limit for steel IMFs for seismic design application, this study selects the lightest member sections.
Member sections are selected considering member forces (AISC 360-10) and story drift (ASCE 7-10). To refine the member selection results, the design process is repeated until convergence. The panel zones are designed according to Section J10-11 of AISC 360-10. If necessary, doubler plates are placed. The nominal yield strength of all members is 345 MPa. This study does not consider wind loading for designing model frames. It is also noted that the requirements for floor vibrations is not considered for selecting member sections for girders. When designing a structure without considering wind loads and floor vibration requirements, lighter member sections would be chosen, particularly for high-rise building structures, which are strongly affected by winds. It is noted that in upper stories of the model frames, some girders are designed with very small member sections ( Figure 2 ). Thus, height limits determined using the model frames could be conservative because the seismic performance of structures designed with lighter member sections is generally worse than structures designed with heavier member sections. This study does not investigate the effect of wind loads on seismic design and performance of the model frames, which is beyond the scope of this study.
The Figure 2 shows member sections selected for 3-, 6-, 9-, 12-, and 15-story steel IMFs assigned to SDC C max . Note that SDC C max is assigned to the buildings of risk category I designed for short-and 1 s-period response acceleration parameters (S DS and S D1 ) of 0.50 g and 0.20 g. Table 1 summarizes the results of eigenvalue analyses for steel IMFs.
ANALYTICAL MODEL FOR IMFS
In this study, nonlinear static pushover analyses and response history analyses are conducted using software OpenSees (McKenna 1997 , Mazzoni et al. 2007 . Figure 4 illustrates the analytical model for a two-dimensional model frame. To account for P-Δ effect, a leaning column is placed as shown in Figure 4a . The leaning column is pin-connected to the base frame to prevent the moment transfer between the leaning column and the base frame.
As shown in Figure 4b , the connection is modeled using the "M2" model developed by Gupta and Krawinkler (1999) , which is capable of reflecting the clear lengths of beams and columns with explicit modeling of the panel zone. To simulate the tri-linear force-deformation relationship of the panel zone, two spring elements are placed at the one corner of the M2 model (Figure 4c ), including the contribution of post-yield stiffness and strength of column flanges after the column web yields (Gupta and Krawinker 1999) . Pins are installed at the other three corners of the M2 model, and rigid link elements were used for the boundary components of the M2 model.
Columns are modeled using fiber elements with a strain hardening ratio of 3% (Figure 4d ). To simulate the hysteretic behavior of beams including fracture, a rotation spring element developed by Ibarra et al. (2005) is placed at the ends of the beam. As shown in Figure 4e , trilinear backbone curve is used. A bilinear hysteretic model with strength limit is used to simulate the cyclic behavior for beams. The parameters for the backbone curve and bilinear hysteretic model are determined according to Lignos et al (2010) . It is noted that maximum spacing required for lateral bracing for IMF is large than that for SMF beams according AISC 3410-10. Thus, IMF beams are susceptible to lateral torsional buckling during cyclic loadings with large amplitudes. However, in this study, the additional cyclic deterioration due to lateral torsion buckling is not included in the analytic model considering the positive effect of composite action between the steel beam and concrete slab.
The rotation capacity of the beam spring is set to 0.02, which is the drift capacity of IMF connections required by AISC 341-10. At a drift of 0.02, the maximum strength of the spring Figure 4e . In reality, IMF connection may fail prior to 0.02 rotation. However, this study does not consider such incidences. All analyses are performed using expected yield values of 380 MPa calculated according to section A3.2 and Table 3 .1 in AISC 341 rather than the nominal values of 345 MPa. A leaning column sustaining half the total gravity weight is placed in parallel with the IMF to account for P-Δ effects.
SUMMARY OF THE METHODOLOGY FOR EVALUATING THE SEISMIC PERFORMANCE OF STEEL IMFS
In this study, the seismic performance of steel IMFs designed according to ASCE 7-10 is evaluated according to the methodology in FEMA P-695, which was developed to quantify system performance and response parameters for use in seismic design. The methodology achieves the primary life safety performance objective by requiring an acceptably low probability of collapse of the seismic-force resisting system when subjected to the maximum considered earthquake (MCE) ground motions. The two performance prevention objectives are specified in FEMA P-695 as follows:
(1) The probability of collapse for the MCE ground motions is 10%, or less on average across a performance group. The response acceleration parameter for the MCE (S MT ) can be determined using ASCE 7-10, and (2) for an individual model frame within a performance group, the probability of collapse is 20%, or less. The probability of collapse (p c ) for the MCE ground motions can be calculated using Equation 1: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 ; 4 1 ; 5 6 6
whereŜ CT is the median value of collapse intensity (S CT ) obtained from the results of incremental dynamic analyses (IDA).
The collapse intensity (S CT ) is the ground motion intensity causing global dynamic instability that occurs when deformation (e.g., story drift) increases without bound after a slight increase in ground motion intensity (Vamvatsikos and Cornell 2002, Han and Chopra 2006) . In this study, the ground motion intensity is represented by pseudo spectral acceleration ½PSAðT n ,5%Þ at the fundamental period (T n ) of a 5% damped SDF system. When determining S CT and S MT , the fundamental periods of model frames are calculated using an equation for approximate period (C u T a ) according to section 6.4 of FEMA P695. Figure 5 illustrates 44 IDA curves for a three-story steel IMF subjected to 44 ground motions. In Figure 5a , solid circles denote the collapse intensities (S CT ). Then, using 44 S CT , the median collapse intensityŜ CT is calculated. In Equation 1, spectral shape factor (SSF) adjusts the collapse probability to account for the spectral shape of rare ground motions (Baker and Cornell 2006) , which can be calculated using Equation 2: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 2 ; 4 1 ; 3 3 5 SSF ¼ exp½β 1 ðε o ðTÞ ÀεðTÞ record
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 3 ; 4 1 ; 3 0 3ε o ðTÞ record ¼ 0.6ð1.5 À TÞ (3) Figure 5 . IDA and collapse fragility curves for SDC three-story IMF. where μ t is the period-based ductility determined from pushover analyses or Tables 9-4 and 9-5 of FEMA P-695, andε o is 1.0 for SDC B and C, 1.5 for SDC D, and 1.2 for SDC. The total system collapse uncertainty (β TOT ) in Equation 1 is calculated using Equation 5:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 5 ; 6 2 ; 5 8 0
where β RTR is the record-to-record uncertainty (0.2 ≤ β RTR ¼ 0.1 þ 0.1μ T ≤ 0.4), and β DR , β TD , and β MDL are the design requirement-related uncertainty, test data-related uncertainty and modeling uncertainty, respectively, ranging from 0.1 to 0.5 (Tables 3-1 , 3-2, 5-3 of FMEA P-695). In this study, 0.35 is assigned to β DR , β TD , and β MDL .
In FEMA P-695, the values of β DR , β TD , and β MDL are given according to four different ratings, which are Superior (A), Good (B), Fair (C), and Poor (D). For steel SMFs, Zareian et al (2010) classified the quality rating for design requirement, test data, and modeling into Good (B) rather than Superior (S). For the rating Good, the value for uncertainties (β DR , β TD , and β MDL ) is assigned as 0.20.
For IMFs, design and detail requirements are less stringent than those for SMFs; for example, strong column-weak beam requirement is not specified for IMFs and maximum length of member bracing is also relaxed. Furthermore, the number of test data for IMF members are more limited than that for SMFs.
In this study, the drift capacity of IMF connections is set to 0.02 for the analytical model rather than using a drift capacity obtained based on test results. Thus, in this study, the value for β DR , β TD , and β MDL is judgmentally assigned as 0.35 (Fair, C), which is the next lower rating value used for SMFs. Figure 5b shows collapse fragility curve with respect to ground motion intensity.
PUSHOVER ANALYSIS AND IDA FOR STEEL IMFS
The seismic performance of five SDC C steel IMFs with 3, 6, 9, 12, and 15 stories is evaluated according to FEMA P-695. There is no height limit for SDC C steel IMFs (ASCE 7-10). Before evaluating the seismic collapse performance of the steel IMFs, pushover analyses and incremental dynamic analyses are conducted. Pushover analyses are conducted subjected to the distribution of lateral loads, proportional to the first mode of the model frames. Figure 6 shows the pushover curves, in which the abscissa and ordinate are maximum story drift ratio (θ max ) and base shear force normalized by the building weight (V∕W).
In this figure, solid circles denote the occurrence of a sudden strength drop in the pushover curves. The normalized design base shear force (V d ∕W) is also included in Figure 6 . The strength drop for 3-, 6-, 9-, 12-, and 15-story IMFs are detected at θ max of 0.025, 0.025, 0.024, 0.024, and 0.025, respectively (Figure 7a) . Even though the connections of the IMFs are modeled to have a rotation capacity of 0.02, all IMFs experienced a strength drop at θ max larger than 0.02. For 3-, 6-, and 9-story frames, strength is still left until θ max is about 0.1, whereas 12-and 15-story frames have lost their strength near θ max of 0.06.
The overstrength factor, Ω (¼ V max ∕V d ) is calculated. The values of Ω for the 3-, 6-, 9-, 12-, and 15 story IMFs are 3.40, 3.99, 4.86, 4.73, and 5.36, respectively. With an increase in building height (number of stories), larger Ω is obtained (Figure 7b ). As shown in Figure 6 , the normalized design shear force (V d ∕W) decreased with an increase in the height of buildings whereas the variation in V max ∕W of all frames according to the height of frames is small (V max ∕W ¼ 0.092 À 0.111) except for the 3-story IMF (V max ∕W ¼ 0.148). Note that Ω for all IMFs is larger than 3, which is specified for steel IMFs in ASCE 7-10. This indicates that steel IMFs designed according to ASCE 7-10 have sufficient lateral strength (Ω ≥ 3). Figure 8 shows the IDA curves of the IMFs, in which the abscissa and ordinate are θ max and PSAðT n ,5%Þ, where T n is the period calculated using an approximate formula (C u T a ) (section 12.8.2.1 of ASCE 7-10). The spectral scaling intensity for the ground motion records is determined based on the median spectral acceleration of the Far-Field record set provided by FEMA P-695 at the fundamental period of the building (section 6.4.3 of FEMA P-695).
In Figure 8 , solid circles denote collapse intensities (S CT ). Each IMF is subjected to 22 pairs (44 horizontal components) of far-field strong ground motions provided by FEMA P-695. These ground motions were recorded from earthquake events with large magnitudes at moderate rupture distances. Thus, for each IMF, 44 values of S CT are obtained from 44 IDA curves. Then, the median value of collapse intensity (Ŝ CT ) is calculated:Ŝ CT ¼ 0.900, 0.500, 0.300, 0.220, and 0.135 for the 3-, 6-, 9-, 12-, and 15-story IMFs, respectively. The smaller value ofŜ CT is obtained with an increase in IMF heights.
In this study, the structural capacities, defined in terms of the intensity measure (IM) and engineering demand parameter (EDP), are also determined using IDA curves for two different limit states: immediate occupancy (IO) and collapse prevention (CP). To represent IM and EDP, PSAðT n ,5%Þ and θ max are used, respectively. The IO limit state is violated when θ max exceeds of 2%, whereas the CP limit state is reached when the local slope on the IDA curve is 20% of the elastic slope or θ max is 10%, whichever occurs first (FEMA 350, 2000) . The values of PSAðT n ,5%Þ and θ max for each limit state are determined from individual IDA curve shown in Figure 8 , from which the median PSAðT n ,5%Þ and θ max corresponding to the IO and CP limit states are calculated. Table 2 summarizes the median PSAðT n ,5%Þ and θ max of the five steel IMFs for IO and CP limit states.
The median value of PSAðT n ,5%Þ for IO and CP limit states decreases with an increase in the height of IMFs. The ratios of median values of PSAðT n ,5%Þ and θ max for the CP limit state to the corresponding values for the IO limit state are calculated (PSA CP ∕PSA IO and θ maxÀCP ∕θ maxÀIO ). The values of PSA CP ∕PSA IO for the 3-, 6-, 9-, 12, and 15-story IMFs are 3.0, 2.5, 2.0, 2.0, and 1.25, respectively. With an increase in the height of IMFs, PSA CP ∕PSA IO decreases. This indicates that as the height of the IMFs increases, less strength is left to reach the CP limit state after the IO limit state is violated. No trend is found for θ maxÀCP ∕θ maxÀIO according to the height of IMFs.
SEISMIC PERFORMANCE OF SDC C max STEEL IMFS WITH DIFFERENT HEIGHTS
The seismic performance is evaluated in terms of the probability of collapse (p c ) for MCE ground motions. The probability of collapse is calculated for 3-, 6-, 9-, 12-, and 15-story SDC C max IMFs according to FEMA P-695. The results are summarized in Table 3 . As mentioned earlier, FEMA P-695 specifies two limiting values (p a ) of the probability of collapse: (1) for a performance group, p c is 0.1, or less on average across a performance group, and (2) for an individual model frame, p c is 0.2, or less.
In this study, p a is assumed to be either 0.1 or 0.2 for individual frames. As summarized in Table 3 , 3-, and 6-story IMFs have p c smaller than 0.1, whereas the 9-and 12-story IMFs have p c larger than 0.1, but smaller than 0.2. The p c of the 15-story IMF is 0.267. It is observed that with an increase in the height of SDC C max IMFs, collapse risk increases.
HEIGHT LIMITS FOR STEEL IMFS ACCORDING TO SDC
This study proposes height limits of steel IMFs to guarantee an acceptable level of collapse probability. For this purpose, 17 IMFs were designed according to ASCE 7-10. In ASCE 7-10, the height limit of steel IMFs varies according to the level of SDC. The number of IMFs under investigation is chosen based on the range of the building height permitted by ASCE 7-10. For SDC D max , 2-, 3-, and 6-story steel IMFs are designed, which have heights of 8 m, 12 m, and 24 m, respectively. Five IMFs are designed for SDC C max , which had 3, 6, 9, 12, and 15 stories. For SDC B max and A max , six (3, 6, 9, 12, 15 , and 18 stories) and three (15, 18, and 20 stories) steel IMFs are designed, respectively. Table 4 summarizes the model frames considered for each level of SDC. Figure 2 shows floor plans and elevations of all model frames except for 18-and 20-story frames. The 18-and 20-story frames have six bays in each orthogonal direction. The story height and span length of those frames are the same as those of the 15-story frame in Figure 2 .
In Table 4 , the probabilities of collapse (p c ) for the 17 IMFs are also summarized with limiting values (p a ). For p a of 0.2, among the IMFs assigned to SDC D max , only two-story IMF (height ¼ 8 m) meet the criteria. The height limit of 10.6 m for SDC D steel IMFs specified in ASCE 7-10 seems appropriate. However, for p a of 0.1, even the two-story IMF does not meet the criteria.
For SDC C, no height limit is specified in ASCE 7-10. For p a of 0.2, one of the five SDC C max IMFs does not meet the criteria, which is the 15-story IMF (height ¼ 61.5 m). For p a of 0.1, three SDC C max IMFs fail to meet the criteria, which have 9 or more stories. For p a of 0.2, 15-story SDC C max IMF (h ¼ 61.5 m) does not meet the criteria (Figure 9a ). Considering the results of this study, the height limit of SDC C needs be modified to satisfy the criteria. (Figure 9a) . Thus, for SDC B steel IMFs, the proper height limit also needs to be determined to guarantee the satisfactory seismic collapse performance.
Regarding SDC A max IMFs, for p a of 0.2, all IMFs satisfied the criteria, whereas for p a of 0.1, IMFs with 18 or more stories do meet the criteria. Thus, if p a is 0.1, the height limit for SDC A steel IMFs should be re-determined. Figure 9 shows p c for the IMFs. With an increase in the number of stories, p c increases ( Figure 9a ). As shown in Figure 9b , p c also becomes larger as the level of SDC increases.
To improve the results of this study, more model frames need be considered to account for the effect of various ranges of design variables (span length, story height, and bay width) and design floor loads, and different configurations of IMFs, etc.
PROPOSED HEIGHT LIMITS FOR STEEL IMFS
To determine the height limit, building heights (h) of model frames with p c near p a are refined. For SDC A max , B max , C max , and D max , one (1-story), three (13-, 14-, 17-story), three (8-, 13-, and 14-story), and one (1-story) IMFs are newly designed according to ASCE 7-10, AISC 341-10 and AISC 360-10. The probability of collapse for these frames are also calculated. Figure 10 shows the p c for all model frames with different number of stories and various levels of SDC.
For SDC D max steel IMFs, one-(h ¼ 4 m) and two-story (h ¼ 8 m) IMFs have p c of 0.004 and 0.112, respectively, which are less than p a of 0.2. For p a of 0.1, only the one-story frame satisfies the criteria. Note that the height limit for SDC D steel IMFs specified in ASCE 7-10 is 10.6 m. Among SDC C max IMFs, frames with 13 (53.5 m) or less stories have p c smaller than 0.2, whereas frames with 8 stories (33.5 m) or less have p c smaller than 0.1. Among SDC B max steel IMFs, frames with 13 story or less have p c smaller than 0.1 whereas frames with 17 stories Based on the results of this study, if p a is 0.2, it is recommended that the height limit should be 69.5 m (17 stories), 53.5 m (13 stories), and 8 m (2 stories) for steel IMFs assigned to SDC B, C, and D, respectively. No height limit is required for SDC A steel IMFs. If p a is 0.1, the height limit should be 69.5 m (17 stories), 53.5 m (13 stories), 33.5m (8 stories), and 4 m (1 story) for steel IMFs assigned to SDC A, B, C, and D, respectively. Figure 11 shows the proposed height limits for steel IMFs with those specified in ASCE 7-10.
CONCLUSIONS
This study conducted seismic performance evaluation for steel IMFs with different heights according to FEM P-695. Based on the results of this study, height limits for steel IMFs are proposed. The conclusions of this study are as follows:
Five steel IMFs with various heights assigned to SDC C max were designed according to ASCE 7-10, AISC 341-10, and AISC 360-10. It was observed that with an increase in the height of steel IMFs, the probability of collapse increased. These results indicate that the regulation regarding the height limit for steel IMFs is valid. Even though no height limit is required for SDC C max steel IMFs in ASCE 7-10, the 15-story steel IMF had a probability of collapse larger than 0.2, whereas the collapse probabilities of the 9-and 12-story IMFs exceeded 0.1.
A similar phenomenon was found in IMFs assigned to different SDCs. If the acceptable collapse probability is 0.2, four of 17 model frames failed to meet the criteria, whereas if the acceptable collapse probability is 0.1, six frames did not pass the criteria.
The pushover analysis results showed that even though the IMF connections had a rotation capacity of 0.02, all IMFs experienced a strength drop at a drift ratio larger than 0.02. The high-rise frames with 12 and 15 stories lost their strength much earlier than the other frames with fewer number of stories. It was also observed from IDA curves that with an increase in the height of IMFs, less strength remained to reach the CP limit state after violating the IO limit state.
With an acceptable collapse probability of 0.2, it is recommended that the height limits for steel IMFs assigned to SDC B, C, and D should be 69.5 m (17 stories), 53.5 m (13 stories), and 8 m (2 stories), respectively. No height limit is required for SDC A steel IMF. If the acceptable collapse probability is 0.1, the height limits of steel IMFs assigned to SDC A, B, C, and D are recommended to be 69.5 m (17 stories), 53.5 m (13 stories), 33.5 m (8 stories) and 4 m (1 story), respectively. It is noted that the composite effect of slabs was not included in analytic models and the contribution of gravity frames is not considered. Thus, this study may provide conservative height limits for steel IMFs.
